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Centromeres of mammalian chromosomes are rich in repetitive DNAs that are packaged into specialized
nucleoprotein structures called heterochromatin. In humans, the major centromeric repetitive DNA, a-satellite
DNA, has been extensively sequenced and shown to contain binding sites for CENP-B, an 80-kDa centromeric
autoantigen. The present report reveals that African green monkey (AGM) cells, which contain extensive
a-satellite arrays at centromeres, appear to lack the well-characterized CENP-B binding site (the CENP-B
box). We show that AGM cells express a functional CENP-B homolog that binds to the CENP-B box and is
recognized by several independent anti-CENP-B antibodies. However, three independent assays fail to reveal
CENP-B binding sites in AGM DNA. Methods used include a gel mobility shift competition assay using
purified AGM a-satellite, a novel kinetic electrophoretic mobility shift assay competition protocol using bulk
genomic DNA, and bulk sequencing of 76 AGM a-satellite monomers. Immunofluorescence studies reveal the
presence of significant levels of CENP-B antigen dispersed diffusely throughout the nuclei of interphase cells.
These experiments reveal a paradox. CENP-B is highly conserved among mammals, yet its DNA binding site
is conserved in human and mouse genomes but not in the AGM genome. One interpretation of these findings
is that the role of CENP-B may be in the maintenance and/or organization of centromeric satellite DNA arrays
rather than a more direct involvement in centromere structure.

The way in which specific DNA sequences nucleate the for-
mation of functional centromeres has been a challenging area
of study for many years. In the yeast Saccharomyces cerevisiae,
the discovery that a small cis-acting element (125 bp) was
necessary and sufficient to confer centromere activity (10) ul-
timately led to the discovery of a number of genes involved in
centromere function (8, 15, 29, 30, 34, 39). Subsequently it was
shown that several of these gene products exist in a multimeric
complex (CBF3) that not only recognizes this DNA element
but also is essential for binding to microtubules (27). Substan-
tial efforts have been devoted to the description of centromeres
from other eukaryotes at a similar level of detail. A particular
difficulty in this pursuit has been that the centromeric DNA of
higher eukaryotes is much more complex than that of S. cere-
visiae. Most higher eukaryotes, including mammals, have large
arrays of repeated DNA at their centromeres. It is not known
to what extent these arrays play a role in centromere function.
At one extreme, it is possible that these arrays fold into a
tertiary structure onto which centromeric proteins assemble
without the need for recognition of specific DNA sequences
per se. It is also possible that within these arrays lies a small
centromere-determining element that remains undiscovered,
implying a mechanism similar to that in S. cerevisiae. Several

proteins that localize to the centromeres of mammals have
been recently discovered (13, 18, 23, 42, 44–46, 53, 61, 62), but
their roles in centromere structure and function are largely
unknown.
CENP-B is a centromeric polypeptide that is conserved in

several mammalian species (18, 54). Our original observation
that CENP-B levels vary dramatically between human chromo-
somes initially led to the suggestion that CENP-B may bind
a-satellite because the amount of this DNA also varies be-
tween chromosomes (19). Subsequently, it was shown that
CENP-B has a specific DNA binding activity (36). The DNA
sequence that CENP-B recognizes (the CENP-B box [36]) is
located in the repeats of a-satellite in humans, minor satellite
inMus musculus (60), and the 79-bp satellite ofMus caroli (31).
The DNA binding domain of CENP-B is necessary and suffi-
cient to localize this protein to the centromere in vivo (47).
CENP-B is distributed throughout the centromeric hetero-
chromatin beneath the kinetochore plates (12). The functions
that CENP-B performs in this heterochromatic region of the
chromosome are not known. It has been postulated (54) that
CENP-B must perform a vital role in centromere function
because of its conservation between humans and mice: both
the DNA binding domain of CENP-B and its CENP-B box
binding site are identical in these two organisms. However,
cytological and molecular analysis of both normal and aberrant
chromosomes suggests that the presence of significant levels of
CENP-B at centromeres may not be obligatory for centromere
function and is certainly not sufficient to confer mitotic activity
on a centromere. For example, CENP-B is found at inactive
centromeres on stable dicentric chromosomes (17). These in-
active centromeres do not make productive attachments to the
spindle during mitosis. Furthermore, there are some centro-
meres, including the Y chromosomes of mice and humans (16),
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to which CENP-B does not seem to localize and in which
CENP-B boxes cannot be detected by in situ hybridization
(38). In mice, the Y chromosome seems to lack the minor
satellite that carries CENP-B boxes, while in humans, although
the Y chromosome does carry a-satellite, the regions of this
satellite sequenced to date (55) lack CENP-B boxes.
In the present study, we reveal a surprising paradox that

raises questions about current thinking on the possible role of
CENP-B at centromeres. The paradox was revealed by our
studies of the binding of CENP-B to the genome of the African
green monkey (AGM). Although AGM cells express a func-
tional CENP-B protein and the AGM genome contains large
amounts of a-satellite DNA, this DNA appears to lack detect-
able binding sites for the CENP-B protein. Why a polypeptide
should be expressed in the absence of its specific binding site,
and why this binding site was conserved in mice and humans
but lost in AGM, poses a clear paradox. We suggest that the
role of CENP-B may be tied to the maintenance and/or orga-
nization of centromeric satellite DNA arrays rather than a
more direct involvement in centromere structure or function.

MATERIALS AND METHODS

DNA reagents. Plasmids p17M5 and p17M15 (M5 and M15 in this work),
containing monomers of human a-satellite derived from chromosome 17, have
been previously described (47). The plasmids were digested with restriction
endonucleases BamHI and EcoRI (Gibco-BRL) in order to generate fragments
containing the a-satellite monomers. The a-satellite fragments were purified by
fast protein liquid chromatography on a MonoQ (Pharmacia) column, using a
gradient of 750 to 850 mM NaCl (in 20 mM Tris-HCl [pH 7.5], 1 mM EDTA)
over 30 column volumes. Concentrations of the purified DNAs were determined
by A260 in triplicate. Fragment M15, which contains a single CENP-B box, was
used as a specific competitor for CENP-B binding. Fragment M5, which is a
monomer of a-satellite that does not contain a CENP-B box, was used as a
control for the specific competitor and has been previously shown not to bind
CENP-B (47).
Genomic DNAs (gDNAs) were isolated as described previously (4). After

digestion with proteinase K, lysates were extracted twice with phenol and chlo-
roform. The DNA was precipitated with isopropanol, resuspended in TE (10 mM
Tris-HCl [pH 8.0], 1 mM EDTA), and treated with RNase A (Sigma). Following
RNase treatment, the gDNAs were again extracted two times with phenol and
chloroform and precipitated twice with isopropanol to remove residual oligori-
bonucleotides. Following purification, the gDNAs were sonicated to an average
size of 750 bp, as measured by agarose gel electrophoresis. DNA concentrations
were determined by A260 in triplicate dilutions. The A260/A280 ratios of all gDNA
preparations used were between 1.9 and 2.0.
The size of the diploid AGM genome has been estimated to be 6 pg as

determined by reassociation kinetics (52). The size of the plasmid (p17M15)
carrying the single high-affinity binding site is 3,131 bp or 3.4 3 1026 pg. By
adding 5.7 3 1026 mg of plasmid to 1 mg of gDNA, one obtains DNA with the
equivalent of one additional binding site per haploid genome equivalent. In
making mixed competitor DNAs, if the amount (by weight) of added plasmid
exceeded 1% of the total DNA, the gDNA concentration was corrected for the
amount of added plasmid.
Plasmid libraries were prepared by digesting COS gDNA with HindIII and

isolating the 170- and 340-bp fragments from agarose gels by using NA45 paper.
The fragments were ligated to the HindIII site of Bluescript KS1 (Stratagene)
and electroporated into Escherichia coli Top10 (Invitrogen). Random clones
containing appropriately sized inserts (170 or 340 bp) were sequenced. All inserts
sequenced contained a-satellite DNA.
Sequences of human and AGM a-satellite were optimally aligned by using

PILEUP (Genetics Computer Group). The degree of conservation between
aligned monomers was determined by using the program DISTANCES (Genet-
ics Computer Group). Default parameters were used for both programs.
Protein reagents. Nuclei were isolated from COS and HeLa cells as described

previously (54) by osmotic shock followed by Dounce homogenization. Nuclei
were washed twice in hypotonic buffer [10 mM piperazine-N,N9-bis(2-ethanesul-
fonic acid) (PIPES), 10 mM KCl, 2 mM MgCl2, 1 mM dithiothreitol, 10 mM
cytochalasin B, protease inhibitors (pH 7.4)] and resuspended with 1 pellet
volume of 23 extract buffer (13 extract buffer contains 500 mM NaCl, 20 mM
Tris [pH 7.5], 2 mM EDTA, and 1 mM dithiothreitol) with protease inhibitors
and incubated 1 h at 48C. Nuclear extracts were cleared by a 15,000 3 g spin for
30 min. Protein concentrations were measured using the Bio-Rad protein assay
reagent. In cases in which protein concentrations were standardized between two
extracts, extract buffer was added to the concentrated extract until both were
within 1% A595 of each other in the Bio-Rad protein assay.
Antibodies to human CENP-B were previously described. RaL was raised

against the entire CENP-B polypeptide except the N-terminal six amino acids
(12). Monoclonal antibody 2D7 was described in reference 19. Its epitope is
believed to lie in the C-terminal 147 amino acids of CENP-B. Polyclonal anti-
body 764 (46a) was raised against the entire CENP-B polypeptide expressed in
E. coli. All polyclonal sera were raised in rabbits.
CENP-B DNA binding assays.Radioactive probes were prepared as previously

described (50). Purified fragment M15 was dephosphorylated with calf intestinal
alkaline phosphatase (Boehringer Mannheim) and rephosphorylated with
[g-32P]ATP and polynucleotide kinase (New England Biolabs). An oligonucle-
otide (59GGATCCGAATTCTTTCGTTGGAAACGGGATAAACTGCAGAA
GATCTTC39) containing the CENP-B box (underlined) was phosphorylated
with [g-32P]ATP and polynucleotide kinase (New England Biolabs) and hybrid-
ized to oligonucleotide 59GAAGATCTTC39. The complementary strand was
extended with Klenow enzyme (New England Biolabs). The labeled, double-
stranded oligonucleotide was purified by polyacrylamide gel electrophoresis.
In equilibrium competition assays, the indicated amount of competitor was

mixed with probe (100,000 cpm of M15 or the B-box oligonucleotide) in binding
buffer (final concentrations: 10 mM Tris-HCl, 100 mM NaCl, 1 mM dithiothre-
itol, 1 mM EDTA, 100 mg of bovine serum albumin [BSA], 0.1% Triton X-100,
100 mg of sonicated salmon sperm DNA per ml [pH 8.0]). Nuclear extracts were
added as the last component and allowed to incubate for 12 to 16 h at 48C. The
final reaction volume was 50 ml. Loading dye (203; 0.4% bromophenol blue,
0.4% xylene cyanol FF, 25% Ficoll 400) was added to the reaction mixtures,
which were loaded on polyacrylamide gels (4% acrylamide, 0.05% bisacrylamide,
2.5% glycerol, 0.53 Tris-borate-EDTA) and electrophoresed for 6 h at 48C at
200 V. The gels were dried prior to autoradiography.
In nonequilibrium competition assays, binding reactions were set up as de-

scribed above except that the probe was omitted in the initial 12- to 16-h
incubation. Probe (100,000 cpm of M15) was added after preincubation with
competitor and allowed to incubate for 1 h at 268C. The reactions were then
quenched on ice and prepared for electrophoresis as described above.
When binding reactions were quantitated, dried gels were exposed in Phos-

phorImager cassettes and scanned by a PhosphorImager (Molecular Dynamics).
The electronic images of the gels were quantitated by using Collage software
(Fotodyne). Equal-size squares were used to determine the total number of
counts in the CENP-B complexes. The fraction bound was determined by divid-
ing the total counts in each square by the total counts in the square where no
additional competitor was used. Backgrounds were not subtracted. Similar re-
sults were obtained using ImageQuant software (Molecular Dynamics).
Immunolocalization of CENP-B. Because of difficulties encountered in local-

izing AGMCENP-B to centromeres, a number of different fixation and specimen
preparation procedures were used, as described below. All experiments used
three distinct CENP-B antibodies (two polyclonal and one monoclonal), all of
which were shown to recognize native AGM CENP-B in gel mobility shift
experiments (see Fig. 2). The positive control for these experiments was a rabbit
antibody to CENP-C. This antibody localized to centromeres, confirming that the
secondary and tertiary detection reagents were fully functional and that centro-
mere structure was preserved under our preparation conditions.
Immunolocalization of CENP-B on mitotic chromosome spreads of COS cell

lines 4-8 and C32 containing ectopic arrays of human a-satellite DNA (25) was
performed as described previously (17). Briefly, chromosome spreads were pre-
pared by swelling cells in hypotonic medium (75 mM KCl), followed by fixation
with methanol-acetic acid and spreading by blowing with a discontinuous stream
of air from an aquarium pump. CENP-B was then detected by immunostaining
with rabbit polyclonal antibody in TEEN buffer (1 mM triethanolamine-HCl [pH
8.5], 0.2 mMNaEDTA [pH 8.5], 25 mMNaCl). Transfected human CENP-B was
tagged with a doubly iterated 25-residue moiety derived from the carboxy ter-
minus of the avian coronavirus M glycoprotein (previously known as E1) (35)
and detected with antibody against the tag as previously described (47). Endog-
enous AGM CENP-B was detected with polyclonal antibody 764. Subsequent
labeling steps with biotinylated anti-rabbit antibody (Vector Laboratories) and
streptavidin-fluorescein (Bethesda Research Laboratories) were carried out in
KB buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1% BSA, 0.1% Triton
X-100) at 378C for 30 min. Chromosomal DNA was counterstained with pro-
pidium iodide or 49,6-diamidino-2-phenylindole (DAPI) for imaging in a confo-
cal or conventional microscope, respectively. In control experiments using the
COS 4-8 and C32 cell lines, in situ hybridization under conditions specific for the
ectopic human a-satellite DNA arrays was performed as described previously
(25).
Immunolocalization of CENP-B in adherent cell cultures was also performed

as described previously (13). Cells growing on coverslips were fixed briefly (5 min
with 4% formaldehyde at 48C), permeabilized with KB (three washes of 2 min
each at room temperature), placed at low salt in TEEN buffer to maximize
accessibility of the chromatin to the antibodies (three washes of 2 min each at
room temperature), and stained with the appropriate first antibody diluted in
TEEN for 1 h at 378C. Subsequent stainings with biotinylated secondary antibody
and streptavidin-Texas red were carried out as described above. The low-salt
swelling step was necessary to obtain reproducible CENP-C labeling of kineto-
chores in these cells. Cells fixed with methanol or methanol-acetic acid were
negative for CENP-C immunolocalization in these experiments.
Images were captured on three different microscopes as follows. Figure 1A was

obtained by using a Bio-Rad MRC 600 confocal microscope. Figure 1B is a
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two-dimensional projection through a three-dimensional data set that was ob-
tained by using a computer-driven Olympus IX-70 fluorescence light microscope
attached to a Photometrics PXL cooled charge-coupled device camera (Applied
Precision, Mercer Island, Wash.). The data set was subjected to a computational
deconvolution algorithm to correct for out-of-focus information (1). Images in
Fig. 4 were obtained by using an Olympus Vanox microscope attached to a
DAGE SIT camera and driven by a modified version of Adobe Photoshop.

RESULTS

Transfected human CENP-B does not localize to AGM cen-
tromeres. In an earlier study, we demonstrated that targeting
of CENP-B to centromeres in vivo is directed by the sequence-
specific binding of the amino-terminal portion of the CENP-B
polypeptide to the 17-bp CENP-B box (47). We noted at the
time that the published consensus sequence for AGM a-satel-
lite DNA lacks the CENP-B box consensus and therefore de-
cided to examine the distribution of CENP-B at centromeres
of AGM chromosomes.
To examine the distribution of CENP-B on AGM chromo-

somes, we used a method developed earlier to determine the
distribution of CENP-B and CENP-C on dicentric chromo-
somes by indirect immunofluorescence (17). We obtained the
surprising result that AGM chromosomes prepared by this
method lack detectable levels of CENP-B at their centromeres
(data not shown). This result suggested several possibilities: (i)
our antibodies do not recognize AGM CENP-B, (ii) AGM
cells lack CENP-B protein, and (iii) AGM cells lack binding
sites for CENP-B protein at centromeres.
Initial support for the third possibility came when we exam-

ined the binding of transfected human CENP-B to AGM chro-
mosomes. To have an internal control for the activity of the
transfected CENP-B, we used a COS cell line in which trans-
fected human a-satellite DNA had been stably integrated at
ectopic locations in the arms of several AGM chromosomes.
When these cells were transfected with epitope-tagged human
CENP-B, we could reproducibly detect the presence of human
CENP-B binding to the ectopic a-satellite arrays (Fig. 1A).
Interestingly, these regions often appeared to form secondary
constrictions of the chromosome arms. However, we never saw
binding of transfected human CENP-B to the centromeres of
the AGM chromosomes. This result could not be explained as
being due to the expression of abnormally low levels of
CENP-B in the AGM cells. Certain transfected cells grossly
overexpressed human CENP-B. In those cells, the entire chro-
mosomes were painted with CENP-B, and there was no hint of
a preference of the protein for the AGM centromeres (data
not shown).
In control experiments, we also detected binding of the

endogenous AGM CENP-B to the ectopic human a-satellite
arrays (Fig. 1B). Thus, our indirect immunofluorescence pro-
tocol is capable of staining both human and AGM CENP-B
when they are bound to a-satellite DNA. As we will argue
below, AGM CENP-B binds to the ectopic a-satellite by virtue
of its recognition of CENP-B box motifs in the human DNA.
However, neither the endogenous AGM CENP-B nor trans-
fected human CENP-B is detectable in significant amounts at
AGM centromeres by using our antibodies and methods.
These results suggested that AGM centromeres have few, if

any, accessible binding sites for CENP-B. This deficit of bind-
ing sites could reflect two possibilities: (i) a true absence of
CENP-B binding sites in the sequence of AGM a-satellite
DNA or (ii) methylation of all free CENP-B boxes (reported to
block binding of CENP-B to the CENP-B box [35a]).
AGM cells express a protein structurally and functionally

similar to human CENP-B. We next wished to determine
whether AGM cells express a protein similar to CENP-B and

whether this protein binds to the human CENP-B box consen-
sus sequence. We approached these questions by establishing
an electrophoretic mobility shift assay (EMSA) protocol for
the study of AGM CENP-B, using the human CENP-B box as
a well-characterized DNA substrate for protein binding.
For this assay, nuclear extracts from COS cells were incu-

bated with a labeled oligonucleotide containing a CENP-B
box. The resulting nucleoprotein complexes were then resolved
on polyacrylamide gels and visualized by autoradiography. The
specificity of each complex was determined by including in the
reaction specific and nonspecific unlabeled competitor DNAs.
The specific competitor DNA was a cloned a-satellite mono-
mer containing a CENP-B box (M15), while the nonspecific
competitor was a different monomer that lacked a CENP-B
box (M5). The only sequence shared between the oligonucle-
otide that was used as the probe and the human a-satellite
monomer that was used as the specific competitor was the
canonical 17-bp CENP-B box. As shown in Fig. 2, two of the
major complexes formed in these AGM extracts could be com-
peted for by DNA containing a CENP-B box but not by DNA
lacking a CENP-B box (lanes 7 and 6, respectively). This result
suggests that AGM cells express a protein with the DNA rec-
ognition properties of CENP-B.
In control experiments, we compared this EMSA activity

with that in HeLa extracts by using the a-satellite monomer
containing a CENP-B box both as a specific competitor and as
a probe. As shown in Fig. 3, HeLa extracts (lanes 2 and 6)
produced a complex with the probe that had the same mobility
as complexes produced in the COS extracts (lanes 1 and 5). In
this particular experiment, the majority of the signal was due to
the lower-mobility complex; however, the two complexes are
clearly visible in Fig. 2 and 6. These complexes were efficiently
competed for with a 100-fold excess of unlabeled probe (Fig. 3,
lanes 3, 4, 7, and 8). It has been previously shown (41, 63) that
the two specific CENP-B box complexes visible by EMSA are
due to the dimerization activity of CENP-B. The difference in
mobility is probably due to a CENP-B dimer binding one or
two molecules of DNA (41, 63).
Standardization of the protein concentrations in the HeLa

and COS cell extracts allowed us to estimate that the specific
CENP-B box binding activity of HeLa extracts was approxi-
mately fourfold higher than that of COS extracts (Fig. 3; com-
pare lanes 2 and 5). Similar observations were made in the
accompanying report (64). We conclude from these experi-
ments that COS cells express significant levels of a protein that
specifically binds to human CENP-B boxes and most likely has
the same dimerization activity as human CENP-B.
To determine whether the CENP-B box binding activity in

AGM extracts corresponded to CENP-B itself, we added sev-
eral different antibodies that recognize human CENP-B to the
EMSA reaction. As shown in Fig. 2, two polyclonal antibodies
and one monoclonal antibody raised against human CENP-B
caused the CENP-B box-specific complexes to be further re-
tarded in their mobility, while preimmune serum did not. We
conclude from these experiments that AGM cells express a
protein that shares both DNA binding properties and epitopes
with human CENP-B. In the study described in the accompa-
nying report (64), the authors cloned an AGM CENP-B cDNA
and found that it encodes a polypeptide predicted to be 98%
identical to human CENP-B. The DNA binding and dimeriza-
tion domains of the two proteins are 100% identical. We will
refer to this protein as AGMCENP-B for the remainder of this
study.
Most AGM CENP-B is distributed diffusely throughout the

interphase nucleus. The knowledge that AGM cells express a
CENP-B polypeptide that is recognized by antibodies to the
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human polypeptide led us to directly examine the distribution
of endogenous CENP-B in cultured AGM cells. Using a variety
of fixation conditions and several antibodies, including one
monoclonal and three independent polyclonal antibodies to
CENP-B, we were unable to reproducibly detect significant
levels of CENP-B at AGM centromeres in interphase COS,

Vero, or CV-1 cells. Instead, the endogenous CENP-B antigen
was distributed diffusely throughout the entire nucleus, with
the exception of nucleoli (Fig. 4). To control for the integrity of
centromeres in these cells as well as for possible difficulties
with detection of the rabbit primary antibodies, we also stained
Vero cells with an antibody to CENP-C, a component of the

FIG. 1. (A) Human CENP-B does not localize to centromeres in transfected AGM cells. Shown is a mitotic spread of a stable COS subline (4-8) containing human
a-satellite DNA integrated into the arms of several chromosomes (25). These cells were transiently transfected with a pECE vector (20) expressing human CENP-B
(47). Red, antibody localization of CENP-B; blue, chromosomal DNA stained with propidium iodide. (The image shown is a false color representation of a pair of
merged confocal images.) CENP-B staining is restricted to the sites of human a-satellite DNA integration on the chromosomal arms. (B) AGM CENP-B localizes to
human a-satellite DNA integrated into the arms of AGM chromosomes. Shown is a mitotic spread of a stable COS subline (C32) containing an amplified region of
human a-satellite DNA in one chromosome arm (25) (confirmed by in situ hybridization [inset]). The main image shows a tetraploid chromosome spread in which the
binding of AGM CENP-B to two copies of this chromosome can clearly be seen (arrows). Note also the labeling in the interphase nucleus indicated with an arrow at
the top. Under these conditions, in which the endogenous AGM CENP-B is clearly labeled on the human a-satellite DNA, little or no signal is seen at AGM
centromeres.
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inner kinetochore plate (49). CENP-C showed a normal punc-
tate distribution in these cells, indicating that the cells do have
properly assembled centromeres during interphase and that
the protocols used in immunostaining did not disrupt centro-
mere structure.
In some instances, faint CENP-B staining could be detected

at the centromeres of mitotic chromosomes in these cells (Fig.
4). Even in these cells, however, it appeared that the bulk of
CENP-B was dispersed throughout the cytoplasm, in contrast
to the indirect immunofluorescence results presented in the
accompanying report (64). In that study, under different fixa-
tion conditions and with a different antibody, a weak CENP-B
signal could be observed in the outer regions of AGM centro-
meres outside the kinetochore. (In human chromosomes,
CENP-B is located beneath the kinetochores in the centro-
meric heterochromatin [12].) It is difficult to reconcile the
results of the two studies. There may be a small amount of
CENP-B localized to the centromeres of AGM, which could be
detected by the authors of the accompanying report but not by
us (if, for example, their protocol resulted in the solubilization
or extraction of much of the nonchromosomal CENP-B). Be-
low we present evidence that the number of binding sites for
this protein in AGM centromeres is so few that unless this
protein has an alternate mechanism of centromere localiza-
tion, the number of CENP-B molecules at each AGM centro-
mere should be several hundred-fold less than at each human
centromere, or equivalent to one or two dimers of CENP-B.
An enriched AGM a-satellite fraction is deficient in high-

affinity CENP-B binding sites. Since most endogenous AGM
CENP-B fails to localize to centromeres even though it retains
the ability to bind CENP-B boxes, we proceeded to determine
whether CENP-B boxes could be found in AGM centromeric
DNA. It has been shown (22) that when AGM gDNA is di-

gested with the restriction endonuclease HindIII, a ladder of
bands with a 170-bp spacing is observed by agarose gel elec-
trophoresis (Fig. 5). The 170- and 340-bp bands are composed
largely, if not entirely, of AGM a-satellite (48). These fractions
have been shown to hybridize to AGM centromeres (33, 51).
We wanted to compare the abundance of CENP-B boxes in
this AGM a-satellite fraction with their abundance in human
a-satellite. Unfortunately, it is not possible to use restriction
endonuclease digestion to obtain a comparable bulk a-satellite
fraction from human gDNA. However, it is possible to predict
the abundance of CENP-B boxes in humans by examining the
extensive database of sequenced human a-satellite sequences.
A search of GenBank for human a-satellite clones produced
255 entries containing a total of 137,606 bp, or 804 171-bp
monomers. A search for the canonical CENP-B box (YTTCG
TTGGAARCGGGA) in these entries produced 165 matches,
or an average of one CENP-B box in five monomers. A less
stringent search with only the most conserved bases of the
CENP-B box (TTCGNNNNANNCGGG) (37) produced 206
matches, or an average of one CENP-B box in four monomers.
Since we could obtain large amounts of the gDNA HindIII

fraction from COS cells, we used this fraction as a competitor
in the EMSA. In this assay, we used a monomer of human
a-satellite that contained a single CENP-B box both as a probe

FIG. 2. COS nuclear extracts have a DNA binding activity similar to that of
human CENP-B. COS nuclear extracts were incubated with a labeled oligonu-
cleotide containing a CENP-B box. The complexes formed were electrophoresed
on an acrylamide gel and visualized by autoradiography. Human a-satellite
monomers were used as specific and nonspecific competitor DNAs to determine
the specificity of the complexes formed. The specific competitor (M15) contained
a single CENP-B box, while the nonspecific competitor (M5) did not. Antibodies
(Ab) raised against human CENP-B were also added to the reactions to test if
they would further retard the mobility of the complexes that are specific to the
CENP-B box. RaL and 764 are polyclonal CENP-B antisera, and 2D7 is purified
monoclonal immunoglobulin G from ascites fluid; 0.1 and 1.0 ml of serum and
immunoglobulin G were used. We assume that the increased radioactivity in the
wells to which specific antibodies were added to the COS extracts is due to
CENP-B complexes retarded in their mobility by the antibodies. It is also pos-
sible that the antibodies specifically disrupt nucleoprotein complex formation.

FIG. 3. COS and HeLa nuclear extracts form similar complexes with the
CENP-B box. Nuclear extracts were prepared from COS (C) and HeLa (H) cells
and standardized for their protein concentrations by adding extract buffer. The
extracts were incubated with labeled human a-satellite monomer M15 that con-
tained a single CENP-B box. The complexes were resolved on acrylamide gels
and autoradiographed as before. Unlabeled probe in 100-fold excess was added
to the lanes marked 1. One and four microliters of the standardized extracts
were used. The majority of the probe is shifted to the position of the low-mobility
CENP-B complex, which is presumably composed of a CENP-B dimer and two
molecules of DNA. The high-mobility specific complex is difficult to visualize
because of a high background but is easily visible in Fig. 6. There are several
minor complexes that seem to exhibit some degree of specificity; we presume
these to be due to degradation products of CENP-B because their appearance is
not consistent between experiments.
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and as a specific competitor. In the experiment shown in Fig. 6,
we compared the competition activity of the AGM HindIII
fraction with that of the human a-satellite monomer. We
found that 5 ng of the human monomer competed more ef-

fectively than 5 mg of the AGM HindIII fraction (lanes 4 and
10, respectively). This result suggests that the HindIII fraction
of AGM a-satellite contains less than one CENP-B binding
site in 1,000 monomers, as opposed to a predicted average of

FIG. 4. Most CENP-B is distributed diffusely throughout the nucleus in AGM cells. Vero cells in culture were stained with the following antibodies (Ab) specific
for human CENP-B or CENP-C: mACA-1, monoclonal anti-CENP-B elicited by immunization with a b-galactosidase fusion protein encoding the C-terminal 146 amino
acids (aa) of CENP-B (19); Ra1, rabbit anti-CENP-B (ra-ACA1) elicited by immunization with a b-galactosidase fusion protein encoding the C-terminal 146 aa of
CENP-B (19); Ra2, rabbit anti-CENP-B (ra-ACA2) elicited by immunization with a TrpE fusion protein encoding the C-terminal 593 aa of CENP-B (12); Ra3, rabbit
anti-CENP-B elicited by immunization with full-length CENP-B expressed in E. coli; anti-CENP-C, rabbit anti-CENP-C CNPC3 elicited by immunization with a fusion
protein encoding the C-terminal 647 aa of CENP-C expressed in E. coli (49). The arrowheads indicate nonspecific reactivity of the secondary antibody with centrosomes.
The left panel of each pair is the antibody stain, while the right panel is DNA stained with DAPI.
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one in 4 to 5 for human a-satellite. These results are consistent
with the apparent absence of CENP-B localization to centro-
meres in AGM nuclei.
A novel kinetic EMSA reveals that AGM gDNA contains 3

orders of magnitude fewer CENP-B specific binding sites than
human DNA. Although competition experiments with the
AGM HindIII fraction suggested that CENP-B binding sites
are very rare in AGM a-satellite, the possibility remained that
the HindIII fraction is not representative of all a-satellite in
the AGM genome and that AGM could have binding sites for
CENP-B in a-satellite domains with no HindIII restriction
sites. Such segregation of human a-satellite into large domains
with and without CENP-B binding sites has recently been de-
scribed for chromosome 21 (28). Furthermore, we wanted to
address the possibility of CENP-B binding sites occurring in
other regions of the genome. We therefore expanded our com-
parison of CENP-B binding sites between AGM and humans
to cover the entire genomes of both organisms.
We designed a novel EMSA protocol that uses the full

complexity of genomic DNA as a competitor in a reaction
involving AGM CENP-B binding to a labeled CENP-B box.
This assay should detect CENP-B binding sites wherever they
might occur throughout the genome. To do this required the
development of a new competition protocol for the following
reasons. There are two types of binding sites in gDNA: high-
affinity sites (CENP-B boxes), and low-affinity (or nonspecific)
sites that constitute the remainder of the gDNA. When one
considers the entire genomic complement as a competitor, the
number of low-affinity sites is extremely large compared with
the predicted number of high-affinity sites for any sequence-
specific DNA-binding protein. In equilibrium competition as-
says, this multitude of nonspecific sites has the potential to
bind substantial amounts of CENP-B and thus mask competi-
tion by specific sites. Since we were interested in determining
the number of specific high-affinity sites throughout the entire
genome, we needed to devise a strategy to minimize the effects
of nonspecific competition. To do this, we performed the
EMSA reaction under nonequilibrium conditions (a kinetic
EMSA). COS nuclear extracts were preincubated with the
gDNA competitor for an extended period of time (12 to 16 h
at 48C) in order to reach equilibrium. Probe was then added
for a brief incubation (1 h at 268C), and CENP-B–DNA com-
plexes were resolved as usual. This protocol relies on the fact
that the difference in binding constants between specific and
nonspecific interactions is primarily due to a difference in off
rates rather than a difference in on rates (which are usually

diffusion limited). Therefore, protein that is associated non-
specifically with DNA is much more likely to dissociate and
rebind to the probe in a short time than protein that is tightly
associated with its specific binding site. With this protocol, we
were able to increase the sensitivity of the competition assay by
10- to 100-fold (data not shown). In the experiment shown in
Fig. 7, we directly compared the competition activities of HeLa
and COS gDNA in the kinetic EMSA. It took ;100-fold more
AGM gDNA than human (HeLa) gDNA to compete for the
CENP-B complex. The slopes of the competition profiles,
which are a measure of the competition activity per microgram
of gDNA, also showed a 100-fold difference between humans
and AGM. It is important to note that this does not necessarily
mean that AGMs have precisely 100-fold fewer binding sites
than humans. In fact, if the number of binding sites in the
AGM genome were too small to be detected by this assay, the
competition by COS gDNA could be due entirely to nonspe-
cific binding.
To test if COS gDNA could be distinguished from a gDNA

with no specific CENP-B binding sites, we compared the com-
petition activity of COS gDNA with that of E. coli gDNA. We
were surprised to find that E. coli gDNA competed more
strongly for AGM CENP-B than did AGM gDNA. We ob-
tained similar results with gDNA from two other species (salm-
on and the moth Spodoptera frugiperda), which were poorer
competitors than E. coli but still better than AGM (data not
shown). Although it is formally possible that these three con-
trol species have cryptic CENP-B binding sites, a more likely
explanation is that the number of CENP-B binding sites in E.
coli, salmon, moth, and AGM cells is too low to be detected in
this assay.
Since the number of CENP-B binding sites in COS gDNA is

evidently below the sensitivity range of the kinetic EMSA, we
wished to determine the minimum number of sites per genome
that we could detect in order to calibrate the sensitivity of the
assay. To do this, we supplemented COS gDNA with a known
number of additional high-affinity binding sites. The high-af-
finity binding sites were provided by a plasmid clone of the
human a-satellite monomer (M15) used in the assay described
above. We prepared DNAs containing 50 and 250 additional

FIG. 5. COS genomic DNA digested with HindIII. Lane 1, size markers; lane
2, COS gDNA digested with HindIII. The 170- and 340-bp a-satellite bands used
in making plasmid libraries are indicated.

FIG. 6. The HindIII fraction of AGM gDNA competes poorly for AGM
CENP-B binding. A human a-satellite monomer containing a CENP-B box was
compared with the COS HindIII fraction for its ability to compete the two AGM
CENP-B complexes in an EMSA. The HindIII fraction is at least 1,000 times less
effective at competing for the upper CENP-B complex and at least 5,000 times
less effective at competing for the lower complex.
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binding sites per haploid genome and compared their compe-
tition profiles with that for COS gDNA. We reproducibly de-
tected a difference in competition activity between COS gDNA
alone and a mixture with as few as 50 additional binding sites
per genome equivalent (Fig. 8). This result confirms the sen-
sitivity of the kinetic EMSA and suggests that COS gDNA may
have fewer than 50 binding sites per haploid genome, assuming
that there are no binding sites in E. coli. This estimate is
consistent with the low frequency of CENP-B boxes detected
by the highly sensitive PCR amplification protocol used in the
study reported in the accompanying paper (64).
Our results with AGMDNA are in marked contrast to those

obtained when we used the kinetic EMSA to determine the
frequency of CENP-B boxes in the human genome. We can
predict the total number of CENP-B boxes in the human ge-
nome on the basis of our database analysis, suggesting that
there is one CENP-B box for every four monomers. If 5% of
the 4 3 109-bp human genome is composed of a-satellite (58),
then there would be 106 170-bp monomers and 2.5 3 105

CENP-B boxes. We used our kinetic EMSA to test this esti-
mate experimentally. As shown in Fig. 7, the AGM CENP-B
complex can be completely competed for with as little as 1 mg
of HeLa gDNA, a range in which COS gDNA gives little
competition. In Fig. 9, we compared the competition activity of
HeLa gDNA with that of COS gDNA to which additional
CENP-B boxes had been added. We found that the concen-
tration of CENP-B boxes in human a-satellite lies between the
values seen when COS gDNA is supplemented with between
8,000 and 40,000 CENP-B boxes per genome. This experimen-
tal value could be slightly lower than the predicted value for
several reasons. For example, some fraction of human CENP-
B boxes may be unavailable for CENP-B binding as a result of

epigenetic effects such as DNA methylation. Alternatively,
a-satellite arrays rich in CENP-B boxes may be underrepre-
sented in the genome relative to the database, thereby inflating
our predicted number of boxes. Nevertheless, the experimental
results are within an order of magnitude of the predicted value
and show that there is a 1,000-fold difference in the number of
CENP-B binding sites between AGM and human gDNAs.
The absence of functional CENP-B binding sites correlates

with an absence of CENP-B box sequences. We wanted to
determine if the apparent absence of CENP-B binding sites in
AGM as measured by competition experiments correlates with
an absence of CENP-B box sequences, or if the competition
results are due to epigenetic effects. Since we could obtain
purified a-satellite DNA from AGM, we prepared plasmid
libraries of the 170- and 340-bp fractions (Fig. 5) and deter-
mined the DNA sequences of a number of clones chosen at
random. If CENP-B boxes are as abundant in AGM as in
human a-satellite, we would expect them to be easily found by
this approach. This approach has the added merit that little is
known about the sequences of individual AGM a-satellite
monomers; a recent search of GenBank produced only nine
examples. We were therefore interested in examining how
closely related each individual monomer is to the consensus
determined by Rosenberg et al. (48) and how closely the
monomers are related to each other. In our sequences of 76
individual AGM a-satellite monomers, we were unable to find
any canonical 17-bp CENP-B box sequences, nor were we able
to find any 15-bp sequences that contained the nine conserved
bases necessary for CENP-B binding (37). Among these 76
monomers, we would expect to find roughly 19 CENP-B boxes
if the motif was as abundant in AGM as it is in humans. The
accompanying paper (64) reports that of 24 randomly se-

FIG. 7. COS gDNA is at least 100 times less effective than HeLa gDNA in competing for AGM CENP-B binding to a human CENP-B box. Human and COS gDNA
were used as competitors in a kinetic EMSA as described in the text. Fraction bound is the counts retained in the AGM CENP-B complex in the presence of competitor
divided by the counts in the AGM CENP-B complex when no competitor is added. The competition plateau is reached at 0.6, at which point a CENP-B complex is
no longer observed. The reason fraction bound does not reach 0.0 is that background was not subtracted (see Materials and Methods).
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quenced monomers from a similar fraction of a-satellite DNA,
none had the CENP-B box sequence. These results confirm
directly that the abundance of CENP-B boxes in a-satellite is
at least 20-fold less in AGM than it is in humans and suggest
that the absence of binding sites as observed by gDNA com-
petition is probably not solely due to epigenetic effects.
Our sequencing results also show that AGM a-satellite

monomers differ significantly from their human counterparts
in that they are highly homologous to each other. An optimal
alignment of the 76 monomers was made and used to deter-
mine the number of mismatched bases in each monomer rel-
ative to the others. On average, each AGM a-satellite mono-
mer was 95% identical to every other monomer. The two most
divergent monomers were 84% identical, while the two most
conserved were 99% identical. A similar analysis was per-
formed with 76 randomly selected human a-satellite mono-
mers. On average, each human monomer was 75% identical to
the other human monomers, with a minimum of 60% identity
and a maximum of 99%. The high degree of conservation of
AGM a-satellite monomers from this gDNA fraction was also
confirmed independently in the accompanying report (64).

DISCUSSION

AGM chromosomes have a greatly reduced number of spe-
cific CENP-B DNA binding sites. Although in many ways
CENP-B is the best-characterized mammalian centromere
protein, the biological role of this protein remains obscure. It
is widely believed that CENP-B is important for the structure
of the centromeric heterochromatin. For example, binding of
this very acidic protein near the linker region of the nucleo-
some could significantly alter the structure of the 30-nm chro-

matin fiber (47). Alternatively, the ability of CENP-B to dimer-
ize via a motif near its carboxy terminus (63) raises the
possibility that the protein can cross-link adjacent chromatin
strands (36). In this way, CENP-B might contribute to the
unusually compact organization of centromeric chromatin and
to the production of the primary constriction of mitotic chro-
mosomes. Models that imply a structural role for CENP-B at
centromeres are supported by the distribution and abundance
of this protein and its binding sites in a variety of mammals.
CENP-B is expressed at a level of 2 3 104 to 5 3 104 mono-
mers per HeLa cell (5, 40), which corresponds to ;300 mole-
cules per sister chromatid. In the present study, the number of
CENP-B binding sites in human a-satellite DNA was predicted
to be 4 3 105 per cell on the basis of a statistical analysis of the
genome database and determined to be somewhat less than
8 3 104 per cell on the basis of EMSA experiments. Thus, the
number of CENP-B binding sites almost certainly exceeds the
number of CENP-B molecules in human cells. Given this ratio
of binding sites to protein, the majority of the CENP-B protein
in human cells would be predicted to be bound to its specific
sites in a-satellite DNA.
In the present study, we demonstrate by three independent

approaches that the AGM genome has ;100- to 1,000-fold
fewer CENP-B binding sites than the HeLa genome. Yet,
AGM chromosomes appear to have a normal centromeric
structure, with condensed heterochromatin, a primary con-
striction, and normal levels of other centromeric proteins, such
as CENP-C. The accompanying report (64) shows that AGM
CENP-B closely resembles human CENP-B and that low levels
of the protein can be detected at the periphery of AGM cen-
tromeres under certain fixation conditions. However, our data
indicate that few if any AGM CENP-B dimers could target to

FIG. 8. Competition assay can discriminate between COS genomic DNA and COS DNA with 50 added binding sites per genome. COS gDNA was mixed with a
plasmid containing a CENP-B box in order to obtain gDNAs with a known number of binding sites per genome. Mixtures containing 0, 50, and 250 CENP-B boxes
per haploid genome were used as competitors for AGM CENP-B binding to a human CENP-B box in the kinetic EMSA. Fraction bound reflects the fraction of counts
retained in the CENP-B complex relative to the number of counts in the CENP-B complex with no added competitor.

5164 GOLDBERG ET AL. MOL. CELL. BIOL.



AGM centromeres in vivo by recognizing CENP-B boxes as
previously shown for the targeting of this protein in human
cells (47). We have shown in a novel kinetic EMSA that E. coli
DNA, which presumably lacks high-affinity binding sites for
CENP-B, competes slightly better than AGM genomic DNA
for binding to AGM CENP-B. This assay can reproducibly
detect the addition of as few as 50 CENP-B binding sites to the
AGM competitor total genomic DNA. This finding confirms
that we are within the range of sensitivity of the kinetic EMSA
and suggests that AGM DNA most likely has on the order of
#50 high-affinity CENP-B binding sites, i.e.,#1 for each of the
92 chromatid centromeres. This number compares with ;300
dimers present at human centromeres (5, 37).
AGMs do not provide the only example of mitotically stable

chromosomes with severely lowered levels of CENP-B. Human
Y chromosome a-satellite sequences presently available in the
databases lack CENP-B boxes (55), and where examined,
CENP-B and CENP-B box localization to the Y chromosome
could not be detected (16, 38). Also several abnormal human
marker chromosomes lacking detectable a-satellite DNA alto-
gether have been described (6, 43, 56). We have examined one
such stable chromosome (derived from chromosome 11) for
the presence of CENP-B and found that levels of the antigen
are below detectable limits (19a).
Our results are supported by a recent study which found that

CENP-B boxes may be absent from the centromeres of many
primate species (24). In that study, a fluorescence in situ hy-
bridization (FISH) assay using a CENP-B box oligonucleotide
was used to probe for CENP-B boxes in several simian species.
CENP-B box sequences were detected at the centromeres of
humans, chimpanzees, pygmy chimpanzees, gorillas, and oran-
gutans but not at the centromeres of gibbons, Old and New
World monkeys, and prosimians (24). These results should be

interpreted with caution, as sequences that are not completely
homologous to the canonical CENP-B box might still have
CENP-B binding activity (37). For example, this was recently
noted for the 79-bp satellite of M. caroli (31). However, our
results confirm that in the AGM, absence of signal by FISH
does correlate with a substantial reduction in the number of
functional CENP-B binding sites. It thus appears that the cen-
tromeres of gibbons, Old and New World monkeys, and pro-
simians function with a greatly reduced number of functional
CENP-B binding sites compared with that found in the great
apes (and in mice).
The CENP-B paradox. Our results reveal an intriguing par-

adox that challenges present views of CENP-B function at
centromeres. cDNA cloning studies reveal that CENP-B
polypeptide is highly conserved in human, mouse, and monkey
genomes (19, 54, 64). This clearly implies that the polypeptide
serves a role of sufficient importance for its sequence to be
under positive selection. Previous to the present study, a sim-
ilar claim could be made for the CENP-B DNA binding site.
Conservation of this sequence between human and mouse ge-
nomes in the context of centromeric satellite DNAs that are
otherwise unrelated clearly argues for the operation of positive
selection pressure and thereby for an important functional role
(36). However we now show, in agreement with the FISH
studies of monkeys and apes (24), that a species much closer to
humans than to mice appears to have a severe deficit of
CENP-B boxes. This would normally be taken as evidence for
the functional dispensability of the box and, by extension, of
CENP-B.
How can this paradox be resolved? We have no resolution at

present, but several possibilities suggest themselves.
(i) Mammals may express a second functional homolog of

CENP-B that serves a similar role at centromeres but binds to

FIG. 9. HeLa gDNA contains between 8,000 and 40,000 CENP-B binding sites per genome. Kinetic EMSA competition experiments were performed as described
in the text. COS gDNA was doped with a plasmid containing a CENP-B box in order to obtain DNA mixtures containing a known number of binding sites per genome.
The COS standard mixtures were compared with HeLa gDNA for their activity in competing for AGM CENP-B binding to a human CENP-B box.
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a distinct sequence in a-satellite DNA. In AGM, this homolog
may substitute entirely for CENP-B, whereas in humans, this
homolog could function primarily on the Y chromosome.
However, two caveats must be considered with respect to this
model. First, the putative homolog must be sufficiently distinct
from CENP-B to avoid detection by a variety of CENP-B-
specific antibodies or by Southern or Northern (RNA) hybrid-
ization. Second, if such a homolog exists, then why is CENP-B
itself still expressed with such a high degree of conservation in
human, mouse, and monkey genomes?
(ii) CENP-B may serve a function that is necessary in hu-

mans and mice but is not needed in AGMs. For example, the
important function of CENP-B might be to impart a charac-
teristic bend to the centromeric DNA. If such a bend were an
intrinsic property of the AGM a-satellite, then CENP-B func-
tion might be superfluous (see below). However the second
caveat from the preceding point would then apply.
(iii) CENP-B might have a backup mechanism for centro-

mere targeting. This might have become the principal pathway
of targeting to AGM centromeres. The mechanism would
likely be based on protein-protein interactions, though low-
affinity recognition of a secondary structure of the DNA can-
not be excluded. The former notion fits with the observation in
the accompanying report that the centromeric AGM CENP-B
appears to be located peripheral to the kinetochore as defined
by anticentromere autoantibodies (64). We have previously
shown that these peripheral regions of the kinetochore contain
little, if any, DNA (11). Our previous studies also indicated
that whatever the centromere-targeting mechanism used by
CENP-B in vivo, it must require the amino-terminal domain of
the protein. This is also the CENP-B DNA binding domain
(47, 63).
(iv) The essential function of CENP-B at centromeres may

be nonstructural and may require the presence of only one or
two CENP-B dimers. We discuss below the possibility that
CENP-B functions in the maintenance of a-satellite DNA ar-
rays.
(v) CENP-B may have an essential function that is distinct

from its ability to associate with centromeres. This could ex-
plain the continued presence of CENP-B protein in the AGM
nucleus. It is likely that such a function will be revealed only by
future genetic analysis of CENP-B null mutants.
Likely roles for CENP-B in human and AGM chromosomes.

To gain some insight into the possible roles of CENP-B in vivo,
it may be useful to consider the differences between satellites
that have CENP-B boxes and those that lack them. Human
a-satellite repeats are arranged in a hierarchy: divergent tan-
dem monomers of 171 bp are grouped in distinct linear ar-
rangements to form higher-order repeat units that are then
nearly perfectly conserved across megabases of DNA (59).
Clones of these higher-order arrays hybridize either to specific
chromosomes or to a small subset of the chromosome comple-
ment. Some aspects of this hierarchical structure may be con-
served in M. musculus (32). Two divergent forms of mouse
minor satellite that hybridize specifically to chromosome 2 (26)
and chromosome 4 (7) have been cloned. This minor satellite,
which is otherwise unrelated to a-satellite, has a CENP-B
binding motif (36).
In contrast, AGM a-satellite is composed of highly homo-

geneous 170-bp repeats, which appear to possess a monomeric
rather than hierarchical organization (3). The original consen-
sus sequence for AGM was determined by bulk sequencing a
purified HindIII fraction. The fact that specific bands were
observed on the sequencing gels indicated a priori that each
position in the 170-bp monomer must be relatively conserved.
This hypothesis is confirmed by the sequences of 100 AGM

monomers from a similar fraction of the AGM genome re-
ported in this and the accompanying report (64). Inspection of
the base frequencies in several regions of the consensus se-
quence of human a-satellite DNA (9), most notably in the
region occupied by the CENP-B box, indicates that consider-
able heterogeneities exist in human a-satellite sequences.
These would preclude unambiguous identification of bases in a
bulk-sequencing experiment. Thus, human a-satellite is com-
posed of more divergent monomers than is AGM a-satellite.
It has been proposed that all primate a-satellite belongs to

two distinct homology groupings, which probably arose from
two distinct ancestral monomers (2). Monomers from group B
are abundant on all human chromosomes but have never been
found on the Y chromosome. Monomers from group A have
been found on only a subset of the human chromosomes but
are abundant on the Y chromosome. This distribution of A and
B monomers is similar in gorilla, orangutan, and chimpanzee
cells (3). However, it appears that AGM monomers all belong
to the A group (3). The main sequence differences between A
and B monomers cluster in the region occupied by the
CENP-B box. Consensus sequences of B monomers have at
most one mismatch to the CENP-B box, while consensus se-
quences of A monomers have at least five mismatches (3). If
AGM did inherit only one of the two ancestral monomers (the
one without a CENP-B box), then this would explain why the
a-satellite in this organism is much more homogeneous than it
is in other primates and why it seems to lack CENP-B boxes.
One role for CENP-B boxes may be to recruit CENP-B in
order to somehow compensate for these heterogeneities in the
centromeric repetitive DNA of humans and mice, a role that
would be unnecessary in AGM a-satellite.
One such role for CENP-B might be the induction or mod-

ulation of DNA bends in centromeric satellite DNA. It is
possible that the primary constriction is formed not because
specific DNA-binding proteins are recruited to high-affinity
sites on the centromeric DNA but because formation of a
primary constriction is an intrinsic property of the repeats that
make up centromeric DNA. In a recent study (21), computer
analysis was used to predict the bending potential of the DNA
in several types of satellite DNA. This analysis showed that
even though the sequences of the repeats and the repeat
lengths were not conserved, the spacing of the bending poten-
tial in the repeats was nonetheless conserved. The conserved
pattern consisted of two 50- to 60-bp bending elements sepa-
rated by a 20- to 30-bp region of low curvature. The spacing of
the bends is just long enough to accommodate a nucleosome
core and a small linker. If regions of repeated DNA sequence
prone to bending have a conserved spacing just large enough to
accommodate a nucleosome, a large cooperative force would
result to phase the nucleosomes along this DNA. The combi-
nation of tightly and evenly spaced phased nucleosomes may
be the driving force for formation of primary constrictions.
One role of CENP-B might be to enforce a particular ordered
nucleosome phasing on the human alphoid array, with its rel-
atively variable underlying sequence. Perhaps the homoge-
neous a-satellite AGM DNA array can adopt a sufficiently
ordered nucleosome phase on its own, without the need for
CENP-B. Alternatively, CENP-B may directly cause the hu-
man a-satellite DNA array to adopt a suitable frequency of
bends. If the homogeneous AGM a-satellite DNA array can
adopt a suitable bend on its own, then this role of CENP-B
might be dispensable.
A second possible role of CENP-B is in the remodeling of

satellite arrays at centromeres. In a study of the molecular
basis of recombination events found in 13 variant a-satellite
higher-order repeat units (57), it was found that these events
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cluster in a 20- to 25-bp region that borders the CENP-B
box. This finding suggests that dimerized CENP-B bridging
CENP-B boxes might have a role either in the unequal crossing
over or subsequent recombination events that lead to conver-
sion within satellite arrays. This observation is especially in-
teresting because one protein with sequence homology to
CENP-B is an open reading frame in the Drosophila transpo-
son pogo. Although this open reading frame has not been
shown to produce a transposase, it does have the D35E motif
present in many transposases (14). Thus, it is possible that in
AGM, in which the a-satellite arrays apparently lack CENP-B
boxes, the protein remains essentially as an evolutionary ves-
tige. It will be informative in the future to determine whether
the a-satellite rearrangements that occur in humans continue
to occur in AGM.
We are left with a paradox: If the function of CENP-B at

centromeres is expendable, then why are the protein and its
binding sites conserved between human and mouse genomes?
If the function of CENP-B at centromeres is essential, then
why are its binding sites lost in African green monkeys? A
resolution to this paradox can come only from further studies
of the nature of CENP-B and the nature of centromeric sat-
ellites.
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ADDENDUM IN PROOF

A recent study of DNA transposons in the human genome
has identified a new class of elements related to Drosophila
pogo (A. F. A. Smit and A. D. Riggs, Proc. Natl. Acad. Sci.
USA 93:1443–1448, 1996). These elements, Tigger1 and -2,
have an open reading frame that resembles CENP-B. Further-
more, the terminal inverted repeats of Tigger2 contain a se-
quence similar to that of the minimal CENP-B box. This study
further supports the possibilities that CENP-B is derived from
a transposase and that it transferred laterally between diverse
species.
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